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Abstract 

The one-pion exchange current corrections to isoscalar and isovector magnetic moments of 
double-closed shell nuclei plus and minus one nucleon with A = 15, 17, 39 and 41 have been 
studied in the relativistic mean field (RMF) theory and compared with previous relativistic and 
non-relativistic results. It has been found that the one-pion exchange current gives a negligi- 
ble contribution to the isoscalar magnetic moments but a significant correction to the isovector 
ones. However, the one-pion exchange current doesn't improve the description of nuclear isovector 
magnetic moments for the concerned nuclei. 
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Nuclear magnetic moment is one of the most important physics observables. It provides 
a highly sensitive probe of the single-particle structure, serves as a stringent test of nuclear 
models, and has attracted the attention of nuclear physicists since the early days [l, 2|. 

The static magnetic dipole moments of ground states and excited states of lots of atomic 
nuclei have already been measured with several methods 3[. With the development of 
the radioactive ion beam (RIB) technique, it is now even possible to measure the nuclear 
magnetic moments of many short-lived nuclei near the proton and neutron drip lines with 
very high precision 

Theoretical description for nuclear magnetic moment is a long-standing problem. For the 
last decades, many successful nuclear structure models have been built up. However, the 
application of these models for nuclear magnetic moments is still not satisfactory. 

The Schmidt values predicted by the extreme single-particle shell model qualitatively 
succeeded in explaining the magnetic moments of odd- A nuclei near double-closed shells. 
Later on, the magnetic moment of nuclei farther away from closed shells were found to be 
sandwiched by the Schmidt lines. Therefore, lots of efforts have been made to explain the 
deviations of the nuclear magnetic moments from the Schmidt values. In shell model, the 
border conation mi *,„ g (co r e polarization) 0, i.e., the sing.e-part.ele state eoup.ed 
to more complicated 2p — lh configurations, and the second-order core polarization as well as 
the meson exchange current (MEC) 8Ml0j] are taken into account to explain the deviations. 

The magnetic moments of LS closed shell nuclei plus or minus one nucleon are of par- 
ticular importance, in which, there are no spin-orbit partners on both sides of the Fermi 
surface and therefore all first-order core polarization corrections vanish. It has been shown 
in non-relativistic calculations that the second-order core polarization effect dominates the 
deviations of isoscalar magnetic moments and also gives large corrections to the isovec- 

I2I . The MEC effect, due to its isovector nature, gives rather 



tor magnetic moments 
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small corrections to the isoscalar magnetic moments while gives important corrections to the 

nn 

isovector magnetic moments [10, Il3l|. As a result, the calculated corrections to the isoscalar 
magnetic moments are in reasonable agreement with the data, and the net effect of sec- 
ond order core polarization and MEC gives the right sign for the correction to the Schmidt 



isovector magnetic moments 



11 



12|. 



In the past decades, the RMF theory, which can take into account the spin-orbit coupling 
naturally, has been successfully applied to the analysis of nuclear structure over the whole 
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periodic table, from light to superheavy nuclei with a few universal parameters [14Nl6|. 
However, a straightforward application of the single-particle relativistic model, where only 
sigma and the time-like component of the vector mesons were considered, cannot reproduce 
the experimental magnetic moments [l?], Q|- It is because the reduced Dirac effective nu- 
cleon mass (M* ~ 0.6M) enhances the relativistic effect on the electromagnetic current jl^ . 
After the introduction of the vertex corrections to define effective single-particle currents 
in nuclei, e.g., the "back-flow" effect in the framework of the relativistic extension of Lan- 



dau's Fermi-liquid theory 19[ or the random phase approximation (RPA) type summation 



of p-h and p-n bubbles in relativistic Hartree approximation 20|, |21], or the consideration of 



non-zero space-like components of vector meson in the self-consistent deformed RMF the- 



ory 



22M24| . the isoscalar magnetic moment can be reproduced quite well. Unfortunately, 
these effects cannot remove the discrepancy existing in isovector magnetic moments. To 
eliminate the discrepancy, the MEC corrections have been investigated in the linear RMF 



theory in Ref. 25], which was found to be significant but enlarge the disagreement with 
data. 

In view of these facts, it is essential to investigate the nuclear magnetic moments in the 
RMF theory with modern effective interactions. In this work, the isoscalar and isovector 
magnetic moments of light odd-mass nuclei near the double-closed shells will be studied in 
axially deformed RMF theory with the consideration of non-zero space-like components of 
vector meson. In particular, the one-pion exchange current corrections to nuclear magnetic 
moments will be examined. 

The starting point of the RMF theory is the standard effective Lagrangian density con- 
structed with the degrees of freedom associated with nucleon field (if:), two isoscalar meson 
fields (<t and u^), isovector meson field and photon field (A^). The equation of motion 
for a single-nucleon orbit ipi(r) reads, 

{a - [p - V(r)} + 0M*(r) + V Q {r)}^{r) = e^(r), (1) 

where M*(r) is defined as M*(r) = M + g a a(r), with M referring to the mass of bare 
nucleon. The repulsive vector potential is Vq(t) = g^u^r) + g p r 3 p (r) + e — — —Ao(r), where 
gi(i = a, oj, p) are the coupling strengthes of nucleon with mesons. The time-odd fields V(r) 
are naturally given by the space-like components of vector fields, V(r) = g w u}(r), where the 
space components of p-meson field p(r) and Coulomb field A(r) are neglected since they 
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turn out to be small compared with u>(r) field in light nuclei 22]. 

The non- vanishing time-odd fields in Eq.([T]) give rise to splitting between pairwise time- 
reversal states ipi and ifjj{= Tifii) and also the non-vanishing current in the core, where T 
is the time-reversal operator. Each Dirac spinor ipi^r) and meson fields are expanded in 
terms of a set of isotropic harmonic oscillator basis in cylindrical coordinates with 16 major 
shells 0]- The pairing correlations for these double-closed shell nuclei plus or minus 
one nucleon are neglected due to the quenching effect from unpaired valence nucleon. More 
details about solving the Dirac equation with time-odd fields can be found in Refs. 28|, |29 |. 
The effective electromagnetic current operator used to describe the nuclear magnetic 



moment is given by 23|, \2A \ 



(2) 



2 ry ' 2M 

where = §[7^, 7"], and k is the free anomalous gyromagnetic ratio of the nucleon 



k p = 1.793 and K n = —1.913. The nuclear dipole magnetic moment is determined by 



d 3 rr x (g.s.\j(r)\g.s.), 



(3) 



where j(r) is the operator of space-like components of the effective electromagnetic current. 

In addition, for isovector magnetic moment, the one-pion exchange current correction 
should be taken into account. Although there is no explicit pion meson in the RMF theory, 
it is possible to study the MEC corrections due to the virtual pion exchange between two 
nucleons, which is given by the Feynman diagrams in Fig. [TJ 



'WW 



Seagull 



In-flight 



FIG. 1: Diagrams of the one-pion exchange current: seagull (left) and in-flight (right). 



The one-pion exchange current contributions to magnetic moments can thus be obtained 



as 



25] 



1 / -seagull -in-flight , 

Mmec = o / drrx (g.s.\j {r)+j (r)\g.s.), 



(4) 



where the corresponding one-pion exchange currents j g (r) and j g (r) are respec- 



tively, 



-seagull 

3 (r) 

-in-flight 



Scf^M f M* 

dxi) p {r)^i) n (r)D^(r,x)%l) n {y)—^ilj p {x), 



mi 



(5) 



1 / d»Wp(*)irr75V'n(*)^(«,r)Vr^(r,y)^ n (y)— if>%(y), 

J M M 

(6) 



with the 7r-nucleon coupling constant f n — 1 and the pion mass = 138 MeV. The pion 

]_ e -m n \x-r\ 

propagator in r-space is given by D n (x, r) = : — . 

47r \x — r\ 

The magnetic moments of double-closed shell nuclei plus or minus one nucleon with 



A = 15, 17,39 and 41 are studied in the RMF theory using PK1 effective interaction |30| . 
which includes the self-couplings of a and u mesons. 

The magnetic moments in Eq.(j3J) will be calculated using Dirac spinors ipi from the 
axially deformed RMF calculations with space-like components of vector meson field. As 
small deformation in these nuclei, the one-pion exchange current contributions to magnetic 
moments in Eq. (j3j) are calculated using the spherical Dirac spinors of corresponding double- 
closed shell nucleus as done in Ref. 25]. 



TABLE I: The one-pion exchange current corrections to the isovector magnetic moments obtained 
from RMF calculations using PK1 effective interaction, in comparison with the Linear RMF 



and non-relativistic results 



lfl 



31 



25] 



A 



321 ] (see text for details). 



Non-relativistic 



Relativistic 



[8] [21] [32] [25] This work 



15 


0.127 


0.116 


0.092 


0.111 


0.102 


0.091 


17 


0.084 


0.093 


0.065 


0.092 


0.151 


0.092 


39 


0.204 


0.199 


0.149 


0.184 


0.174 


0.190 


41 


0.195 


0.201 


0.115 


0.180 


0.270 


0.184 



The one-pion exchange current corrections to the isovector magnetic moments obtained 
from RMF calculations using PK1 are compared in Table III with linear RMF calculations j^J 



using L3 33[ and non-relativistic calculations 



31 



321 ] . It is shown that the obtained 



corrections to the isovector magnetic moments in this work are in reasonable agreement with 
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other calculations. As noted in Ref. 25|, the differences between the various calculations 
presented in Table [I] are most likely due to relatively small changes in the balance of contri- 
butions from seagull and in-flight diagrams rather than any fundamental differences in the 
models used. Other nonlinear effective interactions are also used to calculate the one-pion 
exchange current corrections, and similar results are obtained as those given by PK1. 



TABLE II: Isoscalar magnetic moments obtained from RMF calculations using PK1 effective inter 



action, in comparison with the corresponding data, Schmidt value, previous relativistic result 
and non-relativistic results [ll|, [ijj] (see text for details). 



25] 



A 


Exp. 


Non-relativis1 


ic 


Relativistic 


Schmidt 


M 


[12] 


QHD+MEC [25J 


RMF+MEC 


15 


0.218 


0.187 


0.228 


0.233 


0.200(0.199+0.001) 


0.216(0.216 + 0.000) 


17 


1.414 


1.440 


1.410 


1.435 


1.42 (1.43 -0.011) 


1.467(1.469 -0.002) 


39 


0.706 


0.636 


0.706 


0.735 


0.659(0.660-0.001) 


0.707(0.707 + 0.000) 


41 


1.918 


1.940 


1.893 


1.944 


1.93 (1.94 -0.007) 


1.988(1.991 - 0.003) 



In Table [TTl the isoscalar magnetic moments and corresponding pion exchange current 
corrections obtained from RMF calculations using PK1 are presented in comparison with 
the corresponding; data, Schmidt value, previous relativistic result 25] and non-relativistic 



results 



11 



121 ] . The isoscalar magnetic moments obtained from deformed RMF theory with 
space-like components of vector meson are labeled as RMF and corresponding one-pion 
exchange current corrections calculated similarly as in Ref. 25] are labeled as MEC. 



The isoscalar magnetic moment in Ref. 



25( consists of two parts, i.e., the QHD cal- 



culations taken from Ref. 23| and the additional one-pion exchange current corrections 
calculated with L3 effective interaction. 

For the non-relativistic calculations in Refs. [ll[ [l^ , the harmonic oscillator wave func- 



tions are used for single-particle states and one-boson-exchange potential 11| and Hamada 



Johnston potential [12| were respectively employed for the residual interaction. For the 
corrections to magnetic moments, the second-order core polarization, MEC, and the cross- 
ing term between MEC and core polarization have been included. For the MEC corrections, 
the A isobar current as well as the exchange current of the mesons ir, a, u, and p have been 
taken into account. 
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It is shown that all calculated results in Table [TT] are in good agreement with data, and 



same as the previous relativistic 



11 



12|, the MEC 



25| and non-relativistic calculations 
corrections to isoscalar moments in present calculations are negligible. For the mirror nu- 
clei with double-closed shell plus or minus one nucleon, the MEC corrections to isoscalar 
moments reflect the violation of isospin symmetry in wave functions. With the small MEC 
corrections to isoscalar moments here, it is easy to understand the excellent description of 
the isoscalar magnetic moments in deformed RMF theory with space-like components of 
vector meson in Refs. 



22 



24]. 



TABLE III: Same as Table [Til but for the isovector magnetic moments. 



A 


Exp. 


Non-relativistic 




Relativistic 


Schmidt 


[11] 


[12] 


QHD+MEC [25] 


RMF+MEC 


15 


-0.501 


-0.451 


-0.456 - 


0.508 


-0.347(-0.449 + 0.102) 


-0.339(-0.430 + 0.091) 


17 


3.308 


3.353 


3.281 


3.306 


3.61 ( 3.46 +0.151) 


3.576( 3.483 + 0.092) 


39 


-0.316 


-0.512 


-0.286 - 


0.481 


-0.106(-0.280 + 0.174) 


-0.115(-0.305 + 0.190) 


41 


3.512 


3.853 


3.803 


3.729 


4.41 ( 4.14 +0.270) 


4.322( 4.138 + 0.184) 



In Table III II the isovector magnetic moments and corresponding pion exchange current 
corrections in RMF calculations using PK1 are compared with the data, Schmidt value, 



ill, Q- 



previous relativistic [25[ and non-relativistic results 

It is shown that the pion exchange current gives a significant positive correction to isovec- 
tor magnetic moments, which is consistent with the calculations in Ref. {25 1 as well as most 



non-relativistic calculations 



11 



12( | . However, compared with the case for the isoscalar 
magnetic moments, the results of relativistic calculations deviate much more from data ex- 
plicitly, namely, this positive contribution is not welcome to improve the agreement with 
data. Such a phenomenon is also found from RMF calculations with other effective inter- 
actions. Therefore, the RMF theory with one-pion exchange current corrections could not 
improve the description of isovector magnetic moment for the concerned nuclei. 

In the future relativistic investigation, the other effects due to the second-order core 
polarization, the A isobar current, exchange current corrections due to other mesons, and 
the crossing term between MEC and core polarization should be taken into account, as noted 



already in the non-relativistic calculations 



11 



12| 
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In summary, the one-pion exchange current corrections to the isoscalar and isovector 
magnetic moments have been studied in the RMF theory with PK1 effective interaction and 
compared with previous relativistic and non-relativistic results. It has been found that the 
one-pion exchange current gives a negligible contribution to the isoscalar magnetic moments 
but a significant correction to the isovector ones. However, the one-pion exchange current 
doesn't improve the description of nuclear isovector magnetic moments for the concerned 



12], the second- 



nuclei. In the future investigation, similar as the non-relativistic cases fill , 
order core polarization effects, the A isobar current, crossing term between MEC and core 
polarization, and exchange current corrections due to other mesons should be taken into 
account. In addition, the correction due to the restoration of the rotational symmetry 34 ] 
may play a role as well. The investigation towards these directions is in progress. 
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